Abstract The reentrant wave fronts in ventricular fibrillation (VF) have only a limited life span. The mechanisms by which these reentrant wave fronts terminate are unknown. We performed computerized mapping studies in six open-chest dogs before and after right ventricular subendocardial ablation with Lugol's solution. Recordings were made with 56 bipolar electrodes separated by 3 mm. Baseline pacing was performed on the right side of the tissue to create parallel activation wave fronts. A premature 50-V shock of either anodal or cathodal polarity was given to a bar electrode on the upper edge of the tissue. Counterclockwise reentrant wave fronts and VF were induced both before (60 episodes) and after (57 episodes) subendocardial ablation with either anodal or cathodal shocks. Among these reentrant wave fronts, 8 episodes before and 10 episodes after ablation had over 10 rotations (P=NS). The reentrant wave fronts in other episodes terminated with an average of 3.2+1.9 rotations before and 3.1+1.8 rotations after the ablation (P=NS). The reentrant wave-front cycle length was 118±+19 milliseconds before and 124+20 milliseconds after ablation (P=.001). Conduction block occurred when the wave front was traveling across the myocardial fibers. When conduction was blocked in these episodes, the leading edge of the reentrant wave ecently, it has been demonstrated that reentrant R activities are present during ventricular fibrillation (VF) in normal healthy canine ventricles.1-3 The presence of reentrant activities has also been demonstrated in infarcted canine ventricles,4,5 in isolated6-8 and perfused9 ventricular tissue, and with computer simulation.10,11 When reentrant wave fronts are induced in isolated ventricular tissue, they are often sustained.6-However, during VF in the in situ normal ventricles, the reentrant wave fronts have a limited life span, lasting only 1.36 seconds or 9.6 cycles, before termination occurs.' Because previous studies in the normal canine ventriclesl'2 focused on the phenomena associated with the initiation of reentrant wave fronts, the mechanisms by which the reentrant wave fronts terminate in the normal ventricles are unclear. One possible mechanism could be related to the fact that, in the intact ventricles during VF, multiple reentrant wave fronts may be present at the same time. The wave fronts may thus compete and interfere with each other and result in the termination of reentrant excitation. If this is the case, then an excitable gap must be present in Received February 26, 1993; accepted November 30, 1993 front encountered tissue that had been excited within the past 58±12 milliseconds (range, 28 to 77 milliseconds), which corresponded to 47±12% of the preceding VF cycle length. This period was significantly shorter than the recovery period in the same region that had allowed conduction (91±19 milliseconds; range, 48 to 137 milliseconds), which corresponded to 72±18% of the preceding VF cycle length (P<.001). In nine episodes, reentrant wave-front activity terminated when wave fronts that had originated from outside the mapped tissue interfered with the reentrant pathways. Conclusions are as follows: (1) The refractory period of fibrillating ventricular muscle ranges from 48 to 77 milliseconds. Because the refractory period is much shorter than the VF cycle length, a large excitable gap is present in the reentrant circuit. The presence of a large excitable gap contributes to reentrant wave-front termination. (2) Myocardial fiber orientation is an important determinant of the site of conduction block. (3) Although subendocardial ablation slowed the wavefront propagation, it did not prevent the generation and the maintenance of reentry and VF. (Circ Res. 1994;74:495-506.) Key Words * excitable gap * Purkinje fibers * refractory period * polarity the reentrant wave fronts. A second possible mechanism could be related to the fact that Purkinje fibers are present in the intact ventricles but not in the isolated epicardial tissue. Because of the presence of the Purkinje fiber network, intact ventricles possess a higher degree of structural and functional inhomogeneity, which may result in a higher likelihood of wave-front aberration and eventual tenmination. The same structural inhomogeneity that is induced by Purkinje fibers could also contribute to the generation of new reentrant wave fronts, hence complicating the epicardial activation patterns. If this is the case, then chemical ablation of the subendocardial tissue should significantly alter the reentrant wave-front life span and the patterns of activation in the intact ventricles.
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The purpose of the present study was to use computerized epicardial mapping techniques to examine the initiation and the termination of reentrant wave fronts induced by single premature stimulation. The reentrant wave fronts were analyzed to test the following hypotheses: (1) An excitable gap is present during VF. (2) Chemical subendocardial ablation significantly alters the patterns of activation and the life span of the reentrant wave fronts.
Materials and Methods

Surgical Preparation
The surgical procedures were performed in accordance with institutional guidelines. Six (Fig 1) . Both anodal and cathodal shocks were used, with the chest wall connected to the opposite pole. The sequence of delivering the anodal and the cathodal shocks in each dog was randomized. Two patch defibrillation electrodes with an active surface area of 13.5 cm2 (CPI, St Paul, Minn) were sutured to the right and left ventricular epicardium, distant from the recording electrode array, to deliver rescue shocks within 10 seconds after the induction of VF.
Stimulation Protocol
The first S1-S2 interval was shorter than the effective refractory period of the ventricles, usually < 130 milliseconds. If VF was not induced, the S1-S2 interval was increased in 10-millisecond steps to scan the vulnerable period of the ventricles until VF was induced. The activation patterns at the onset of VF were analyzed. If reentrant wave fronts were observed, the same SI-S2 interval was used to induce an additional four VF episodes. The polarity of the shock was then reversed, and the same protocol was repeated. There was a 4-minute interval between each fibrillation/defibrillation episode.
Chemical Subendocardial Ablation
After the baseline data were obtained, the subendocardium of the right ventricle was ablated with Lugol's solution according to a method previously described in detail. 12 Briefly, umbilical tapes were threaded around the venae cavae and the pulmonary artery in preparation for inflow and outflow occlusion. A catheter was inserted via the right atrial appendage into the right ventricular cavity. The umbilical tapes around the venae cavae and the pulmonary artery were tightened, and the right ventricular cavity was emptied by syringe. Lugol's solution (20 to 30 mL) was injected into the right ventricular chamber and maintained for 10 to 20 seconds. Right bundle branch block always occurred immediately after the injection of the Lugol's solution. Warm normal saline was then used to flush the same chamber multiple times to remove the Lugol's solution. The occlusion was then released, and the dog was allowed to recover for 30 minutes or until the blood pressure and the heart rate returned to normal. The total duration of the inflow and outflow occlusions was approximately 2 minutes. The same stimulation protocol was then repeated.
Tissue Examination
At the end of the study, the dogs were killed by an overdose of pentobarbital. The electrode array was removed, and the tissue underneath it was excised from the rest of the heart. The tissue was then fixed in a 10% buffered formalin solution. A horizontal section was first obtained 1 mm from the epicardium and was stained with hematoxylin and eosin. A photograph was taken, and the angle between the fiber orientation and the lower edge of the recording electrode array was determined on the basis of these photographs. Multiple transmural sections were taken from the entire block, including the upper, middle, and lower parts of the block. These samples, which were representative of the entire block, were stained with hematoxylin and eosin to document that effective subendocardial ablation by the Lugol's solution had occurred.
Terminology
The term "total activation time" is defined as the difference between the time of the earliest activation and the time of the latest activation on the isochronal map. Because the subendocardial layer is responsible for the rapid spread of excitation,1314 effective subendocardial ablation is expected to increase the total activation time of the right ventricular epicardium. 12 The total activation time in the present study could not be used to measure the conduction velocity between two epicardial points because of the possible transmural spread of excitation wave fronts. The total activation time was calculated for a VF activation only if a single large wave front was present in the entire mapped area.
Data Analysis
The recordings from each channel were displayed on a computer terminal. Baseline sinus activation and the patterns of activation after the S1 pacing were determined. All VF episodes were analyzed to determine the presence or absence of reentrant wave fronts on the epicardial surface at the recording site. If present, the reentrant wave-front activation was analyzed either until it terminated or when 10 consecutive reentrant wave-front cycles were analyzed. The activation recorded by the bipolar electrodes might be monophasic, biphasic, or multiphasic. For the biphasic and the multiphasic wave forms, the maximal slope of the activation complex was selected by the computer to be the time of activation, and only one activation time was assigned to the entire complex if no isoelectric period was present within the complex. Each activation complex was then inspected, and manual editing was performed. If the activation complexes were monophasic with a single maximum or minimum, the times of activation were reassigned to be at the peak of the maximal or minimal deflection. '5 For complexes that were separated by an isoelectric period, multiple activation times were selected. This applied even to very small activation complexes. Thus, some of the times selected might not represent a propagated and a local response, and some channels had more activation times assigned than did other channels. In the present study, if two activations were within 50 milliseconds of each other, the one that was larger and had a greater dV/dt was included in the isochronal map.
Sometimes, the mismatch between the number of activations registered by neighboring channels was not due to the presence of multiple activations within 50 milliseconds of each other but was due to conduction block, which resulted in no activation in part of the mapped tissue. In this situation, "missing" markers were assigned to the channels with fewer activations selected, and the isochronal lines were not drawn in those electrodes. In the figures, these areas were represented by hatched lines.
In addition to isochronal lines, a thick line was also drawn between electrodes. These thick lines have the following two functions: The first is to indicate slow conduction or conduction block. A thick line was drawn if activation times between neighboring electrodes differed by >30 milliseconds. This interval between adjacent electrodes would represent a conduction velocity of <0.1 mm/ms, which was the minimal reported conduction velocity in the normal canine ventricle."316'7 However, we could not completely rule out that extraordinarily slow conduction had occurred in that area. The second function of the thick line was to serve as a frame line.
Because the reentrant activation continues through multiple activations, it was not possible to show the continuous activations in one map. Therefore, thick lines were used to indicate that the activation shown in this map was not the end of the wave front but was a part of the continuous reentrant activity that would propagate into the next isochronal map.
All statistical analyses were performed using SYSTAT. 18 The results were expressed as the mean±SD. Fisher (Fig 2A and 2B) E3, whereas in subsequent cycles (Fig 2C and 2D ) the location of the linear core changed from the E3 site to areas close to electrode B5. Fig 3A shows that the reentrant wave front consistently conducted from electrode B4 to B5 until the eighth beat, when abrupt termination was observed. Before the block occurred, a large local activation was registered at 860 milliseconds on channel B5. Fig 3B shows the activations registered in B4, B5, and CS during the same period in greater detail. The electrode B5 registered double activations. One activation was slightly later than the last activation on channel B4; the other was slightly later than the last activation on channel CS. This pattern is compatible with the electrode recording being near, but not exactly at, the core of the reentry. The electrode at the core of reentrant wave fronts should register double activations that are of equal size.20 Each deflection of the double activation represents a centripetal wavelet that was unable to propagate beyond the center (core) of reentry. 20 The number in parenthesis shows the deflections that were not included in the isochronal map of Fig 2. Initially, the double activations in B5 showed larger deflections after the activation at B4 and smaller deflections after the activation at C5, indicating that the center of the reentrant circuit was nearer the B4 electrode than the C5 electrode. The relative size of the electrogram reversed in the last activation. The activation that occurred at 860 milliseconds was larger than the one that occurred at 810 milliseconds, indicating that the wavelet had partially penetrated the circuit near electrode B5. On the isochronal map, the time 860 milliseconds is shown in Fig 2D at electrode site B5. Because of this partial penetration, when the leading edge of the reentrant wave front arrived at 910 milliseconds, the tissue had only 50 milliseconds to recover. The wave front could not be conducted to the B5 area, resulting in the termination of the reentrant activity. The arrow in Fig 3B points to a low-amplitude deflection on channel BS, indicating minimal or no propagation of the wave front from B4 to B5. The reentry was abruptly terminated in this area (Fig 2E) . On the other hand, because, as was observed in previous cycles, the reentry was allowed to continue, the duration of 107 milliseconds (the difference between 590 and 697 milliseconds) and the duration of 94 milliseconds (the difference between 710 and 804 milliseconds) must be long enough for conduction to occur.
To determine the ventricular refractory periods during VF, we analyzed the preceding intervals associated with conduction and the preceding intervals associated with block. When block occurred, the leading edge of Fig 5. The wave front of cycle 5 (C5-D5-C6) was from the original reentrant wave front. The wave front of cycle 6 (D8-C8-D7-C7-D6-C6) was from outside the mapped region. Both wave fronts activated tissue near C6, resulting in a double activation (arrow), and prevented the continuous conduction of cycle 6 (C5-D5) into C6, as had occurred in the preceding cycles. Cycle 7 showed that the original reentrant wave fronts were completely replaced by an activation wave front from outside of the mapped region.
Unstable Reentrant Wave Fronts and New Wave Fronts
In 20 episodes, the reentrant wave fronts became unstable and eventually terminated. A new wave front then arose from an area within the mapped region. The difference between Figs 5 and 7 is that in Fig 5  the invading wave front gradually occupied a larger and larger area until it eventually took over the entire area. In Fig 7, however, the extraneous wave front had its effects on the right edge of the mapped tissue. The eventual termination occurred in the lower part and on the left side of the mapped region, remote from the invading wave front from the right edge. Therefore, we have classified them into different patterns. Fig 8 shows the actual activation registered in the same episode as shown in Fig 7. There was a sudden change in the sequence of activation between activations 3 and 4; the A5-B5-C5-D5 sequence was changed to D5-C5-B5-A5, indicating that the wave fronts were originating from a different site. The mechanlsms by which low-amplitude deflections (arrows) occurred near electrode D6 are unknown. 
Effect of Myocardial Fiber Orientation on Reentrant Wave Fronts
To determine if the occurrence of conduction block is influenced by local myocardial fiber orientation, we plotted, in Fig 9, all 31 electrode sites associated with conduction block. There is a clustering of the sites in the right lower portion of the mapped region. Because the counterclockwise reentrant wave fronts were propagating across the fibers in this region, Fig 9 indicates that the fronts were traveling perpendicular to the long axis of myocardial fibers when most of the conduction block occurred. Thus, myocardial fiber orientation significantly influences the termination of reentrant wave fronts.
Effect of Subendocardial Ablation on Reentrant Wave Fronts
Effective chemical ablation of the right ventricular subendocardium was confirmed by histopathologic studies. In each mapped tissue specimen, eight sections were examined. In dogs that underwent subendocardial ablation, the Purkinje fibers and the subendocardial contractile myofibers showed changes consistent with early necrosis. The findings were the same as those reported in an earlier study.'2 The layer of necrotic subendocardial myocardial cells approximated a zone of up to six or seven myocardial cells, or roughly a depth of 0.5 mm. 21 In the other three dogs, nuclei were present in 10% to 20% of the Purkinje fibers observed. However, none of these cells had a completely normal appearance.
The reentrant wave fronts and VF were easily induced by premature shocks both before (60 episodes) and after (57 episodes) ablation. Despite chemical ablation of the right ventricular subendocardium, the characteristics of reentrant wave fronts before and after ablation were similar. The reentrant wave-front life span was over 10 cycles in 8 VF episodes before ablation and in 10 VF episodes after ablation (P=NS). In other episodes, the reentrant wave fronts terminated within an average of 3.2+1.9 cycles before ablation and 3.1 +±1.8 cycles after ablation (P=NS). Abrupt block of reentrant wave fronts was observed in 13 episodes before ablation and in 10 episodes after ablation (P=NS). The reentrant wave fronts induced with either anodal or cathodal shocks had cycle lengths of 118±19 milliseconds at baseline and 124±+20 milliseconds after ablation (P<.001). In 41 VF episodes, a single large wave front (Fig 2F) was observed immediately after reentrant wave-front termination. The preceding cycle length of the large wave front was 146±23 milliseconds (n=20) at baseline and 165+±42 milliseconds (n=21) after ablation (P=NS). The total activation time of the large wave front averaged 31±12 milliseconds at baseline and 42+12 milliseconds after ablation (P=.005). Therefore, subendocardial ablation significantly prolonged the reentrant wave-front cycle length and the total activation time of the large wave fronts.
Factors That Determine the Total Activation Time
Multivariate linear regression analysis was performed by using total activation time of 41 single large wave fronts as the dependent variable and by using the following two factors as independent variables: (1) preceding VF cycle length (pause since the last activation) and (2) whether or not subendocardial ablation was performed. The results showed that both the immediate preceding VF cycle length (P=.002) and the subendocardial ablation (P<.001) significantly affected the total activation time. Subendocardial ablation prolonged the total activation time, whereas a longer preceding VF cycle length (pause) was associated with a shorter total activation time (Fig 10) .
In Table 1 , we listed the total activation time during sinus rhythm and the shortest total activation time of the large wave fronts during VF in each dog. Ablation of the subendocardial Purkinje fiber network significantly increased the total activation times during sinus rhythm (P<.001). In each dog, the (P=.091). Table 1 also shows that, after ablation, the shortest total activation time of the large wave front during VF was shorter than the total activation time during sinus rhythm in five of the six dogs studied. This finding could not be explained by the recovery period (411±53 milliseconds for sinus rhythm and longer than 167±56 milliseconds for VF; P=.001).
Effect of Shock Polarity on Reentrant Wave Fronts
Counterclockwise reentrant wave fronts were easily induced with either cathodal or anodal premature shocks. There was no significant difference in reentrant wave-front cycle length induced with cathodal and anodal shocks both at baseline or after subendocardial ablation with Lugol's solution (Table 2) .
Discussion
An Excitable Gap Is Present in the Reentrant Wave Fronts Ventricular refractory period can easily be measured in sinus or paced rhythm by premature stimulation. However, because the ventricles do not contract synchronously during VF, it is difficult to study the refractory period during this arrhythmia. Many investigators believe that there is no diastolic interval between the Because the myocardial fiber orientation averaged 340, the majority of the fibers run from the right lower corner to the left upper corner. The clustering of electrodes associated with block in the right lower quadrant of the mapped region indicates that the reentrant wave fronts were traveling across the fiber when block occurred.
repolarization phase of one action potential and the depolarization phase of the next one and that the cells are reexcited as soon as they recover their excitability. [22] [23] [24] In contrast, other authors25,26 reported that, although isoelectric periods were difficult to detect by ECG during VF, intracellular recording demonstrated isoelectric periods at the level of the resting potential. Therefore, the refractory period during VF may not be equal to the VF cycle length.
In the present study, the reentrant wave-front cycle length was 118±19 milliseconds before and 124±20
A. BASELINE 48 to 137 milliseconds) was observed between successive electrode sites during which the next incoming wave front was allowed to conduct and to maintain reentrant excitation. However, if the next incoming wave front arrived 58±12 milliseconds (range, 28 to 77 milliseconds) after the preceding activation, the reentrant wave front could be blocked. A new wave front from outside of the mapped area then activated the tissue studied (Fig 2F) . These data indicate that the refractory period during VF varies from 48 to 77 milliseconds. The excitable gap of the reentrant activity, defined as the difference between the activation cycle length and the refractory period, is therefore -50% of the activation cycle length. These results are compatible with the data reported in a previous study1 that investigated the recovery time needed for reentry to occur after a single strong premature stimulus. In Table 1 (Figs 2 and 3) . The second pattern was that an outside wave front penetrated the core of the reentrant wave front and blocked its propagation (Figs 5 and 6), similar to the phenomenon observed in the in vitro preparation, when a wave front initiated by a premature stimulus could terminate reentry.6 The third pattern was that the core of the reentrant wave fronts drifted, and the area of slow conduction or block changed in each successive beat, until the rotation wave front was terminated. It is reasonable to assume that the presence of an excitable gap during VF is important for these patterns of activation to occur.
Some activation patterns in VF cannot be explained simply by the presence of an excitable gap. For example, a focal type of excitation pattern was sometimes observed after the reentrant wave fronts terminated. A similar focal pattern of activation has been reported previously for VF3 and for ventricular tachycardia. 30 One explanation for the occurrence of this pattern was that a microreentrant circuit was present at the origin of the excitation. Because the reentrant circuit was smaller than 3 mm, reentrant patterns were not clearly demonstrated. Low-amplitude activations near the early site (arrows in Fig 8) suggest that microreentry may be present in that area. A second explanation is that the wave fronts actually originated from outside of the mapped tissue but were conducted to the mapped area via transmural propagation. The epicardial breakthrough of these wave fronts appeared focal. Other mechanisms, such as automaticity and triggered activity, could not be entirely ruled out.
Myocardial Fiber Orientation and Reentrant Wave-Front Termination
The reentrant wave fronts observed in the present study appeared to have a linear core around which activity circulated. This finding indicates that tissue anisotropy plays an important role in determining the patterns of activation during reentry. In the present study we also found that, in most episodes, conduction block occurred when the wave fronts were traveling across the myofibers. Although it has been reported that the safety factor of impulse propagation is higher across than along the fiber under normal conditions,31 recent computer simulation and isolated tissue experiments have suggested that, when active membrane properties are impaired, the safety factor for propagation is larger in the direction along the longitudinal axis of fibers.32 Because the myocardial cells during ventricular fibrillation have a shorter action potential duration and a smaller amplitude than during normal rhythm,33 the safety factor of propagation during VF may be more compatible with that of the impaired cells. If so, our results are compatible with the results of computer simulation and in vitro studies. 32 
Effect of Subendocardial Ablation on Reentrant
Wave Fronts
It is believed that preexisting structural34 and functional35 inhomogeneities in the myocardium are responsible for the generation and the maintenance of reentrant arrhythmias. Because Purkinje fibers have structural and functional characteristics that are different from the ordinary myocardial cells, they may contribute to the inhomogeneities of the myocardium and therefore play an important role in arrhythmogeneSiS. [36] [37] [38] [39] [40] [41] [42] Compatible with this hypothesis, several groups of investigators2l 4344 found that the subendocardium is more important than are the other parts of the ventricle in the generation and the maintenance of VF. However, because the actual reentrant wave fronts during VF were not mapped in these studies, the mechanisms by which Purkinje fibers and the subendocardial myocytes contribute to the generation and the maintenance of VF are unknown.
In a previous study,12 we demonstrated that, in the in situ ventricles, subendocardial ablation does not prevent the electrical induction of VF. In the present study, we further demonstrated that reentrant wave fronts could be easily induced both before and after effective subendocardial ablation. Although subendocardial ablation slightly prolonged reentrant wave-front cycle length, it did not affect the reentrant wave-front life span. These findings indicate that the initiation and the maintenance of reentrant wave fronts and VF cannot be prevented by chemical subendocardial ablation.
Limitation of the Subendocardial Ablation Techniques
The results of the present study, however, cannot be used to support the conclusion that Purkinje fibers are not important in VF. Spach et a145 reported that they were able to record Purkinje potentials up to 3 mm beneath the endocardial surface in the left ventricular free wall and up to 1 or 2 mm in the right ventricular free wall. The subendocardial cell necrosis produced by topical application of Lugol's solution measured only 0.5 mm in depth.2' Although we did not find any normal-looking Purkinje fibers in the histological sections, microscopic differentiation between Purkinje fibers and myocardial cells may be difficult. Therefore, some Purkinje fibers may have survived and thus contributed to the generation and maintenance of VF. Another limitation of the present study is that the mapping and histopathologic studies were limited to only a small part of the right ventricle. Further studies will be needed to prove that these findings can be generalized to other parts of the ventricles.
Propagation of Wave Fronts During VF
We demonstrated in the present study that, at least for single large wave fronts, the epicardial total activation time during VF was influenced by the presence or absence of the Purkinje fiber network and the recovery period since the previous excitation. These findings, however, could not explain the fact that, in five of the six dogs after ablation, the shortest total activation time of the large wave front was shorter than the total activation time during sinus rhythm (Table 1 ). An explanation for this very short total activation time during VF is that there is a difference between the amount of transmural activation during VF and during sinus rhythm. Because we did not perform transmural recordings, this hypothesis cannot be proven by the present study. A second possible mechanism is that a period of supernormal conduction was present. However, Fig 10 does not show a period of supernormal conduction to support this hypothesis.
Cobb et a146 reported that an electric countershock can excite the intracardiac cholinergic and adrenergic nerves. It is possible that the 50-V shock used to induce the reentrant wave fronts may have excited the intracardiac autonomic nerves, which in turn increased the velocity of the wave-front propagation. We do not have
